We use the formalism of Holographic Space-time (HST) to investigate the claim of [1] that old black holes contain a firewall, i.e. an in-falling detector encounters highly excited states at a time much shorter than the light crossing time of the Schwarzschild radius 1 . This conclusion is much less dramatic in HST than in the hypothetical models of quantum gravity used in [1] . In HST there is no dramatic change in particle physics inside the horizon until a time of order the Schwarzschild radius.
Introduction
A recent paper [1] has made a dramatic new claim about black hole physics, and has led to a burgeoning literature [3] . The classical physics of black holes indicates that an in-falling observer will encounter a singularity in a time of order the light crossing time of the Schwarzschild radius, R S . While the geometry near the singularity is unstable to small perturbations, the geometry a Schwarzschild radius away is not. It has therefore been assumed that this conclusion holds for black holes that have evolved from larger holes by Hawking evaporation.
Using some general ideas about what a model of quantum gravity should look like, the authors of [1] (AMPS) claim that for an old black hole the claim of the previous paragraph is not true. The adjective old means that the hole has evaporated for a time of order its Page time [5] , the time over which the information in the black hole is transmitted to the Hawking radiation. The Page time scales like the cube of R S , which is of order the lifetime of the black hole. They claim instead that an observer which falls into the black hole after the Page time encounters a "firewall", a region in which the local observer is subjected to a barrage of high energy radiation, shortly after it crosses the horizon. This conclusion has been seconded [2] , but most authors disagree [3] . However, many of those authors do argue that something highly non-classical happens near the horizon of an old black hole.
In fact, there is only one extant theory of QG, which discusses the observations of local detectors [12] . The analyses of [1] [2] and [3] assume a theory with a single Hilbert space shared by all the detectors, which has approximate local observables in it. They discuss the entanglement of different subsystems in this Hilbert space. HST does not even allow us to define that entanglement.
Instead, HST describes space-time in terms of an infinite number of independent quantum systems, each of which describes the proper time evolution along a particular time-like trajectory. The dynamics along each trajectory defines the quantum notion of a causal diamond because it couples together only a finite number of degrees of freedom during a finite amount of proper time. Space-time as a whole is knit together by prescribing overlaps between the causal diamonds along one trajectory and those along others. These overlaps are tensor factors in the Hilbert spaces describing individual diamonds. The fundamental dynamical principle of HST is that for each overlap, the density matrix defined by the dynamics along one trajectory, is unitarily equivalent to the density matrix defined by the other trajectory's dynamics.
Despite this, it turns out to be possible to discuss the AMPS firewall in terms of the experience of a single observer, which orbits the black hole until it has shrunk to less than half its area, and then falls in. The resolution of the paradox in this observer's Hilbert space has to do with the fundamental difference between HST and the hypothetical quasi-field theoretical model of QG assumed in [1] . This is the distinction between particle degrees of freedom and the rest of the variables of QG. In [1] , DOF that are not well described by QFT are assumed to be "high energy". In contrast, as we will describe in the next section, HST assigns o(N 2 ) DOF to a causal diamond whose holographic screen has an area of o(N 2 ) in Planck units. Only o(N 3/2 ) of these DOF have a QFT-like character. The others, which we call horizon DOF, actually have low energy in the Hamiltonian that describes a geodesic observer in flat space, but are decoupled from the particles as N → ∞. The distinction between particle and horizon degrees of freedom depends on the observer. Particles are always defined as states that satisfy a certain constraint. The Hamiltonians of different observers preserve that constraint to a greater or lesser degree. In [11] we will show that this gives an explanation of the Unruh effect. In the present context what is important is that any state in a causal diamond that can be described in terms of particle physics, even in Minkowski space, is a state of low entropy, but that the entropy deficit can never be larger than N 3/2 . The semiclassical description of a black hole interior implies that it can remain in such a low entropy state for a time of order its Schwarzschild radius. The state of a young black hole is therefore non-generic, yet it can still appear to be a completely thermalized object from the outside, because N 2 − N 3/2 ∼ N 2 for large N . We will show in this paper that none of the overlap conditions of HST force us to deviate from the contention that the old black hole is in a non-generic state, where particle physics remains valid for a time of order the Schwarzschild time. AMPS assumed that the young black hole was in a generic state, so that a measurement of more than half its information content completely determined the state of the whole system. In HST, this assumption is incompatible with the claim that the young black hole interior was describable by particle physics for a Schwarzschild time.
The basic idea of HST is to construct quantum systems compatible with the space-time structure of a given classical space-time. The conventional picture of an evaporating black hole is that of a Schwarzschild metric with a decreasing mass. This includes the proviso that time-like trajectories inside the evolving horizon do not encounter a singularity for a finite time. A causal diamond whose past tip is near the horizon and whose future tip is a proper time of order R S later, should have a description close to that of a similar diamond in Minkowski space, if R S is large. As a consequence, the description of this black hole, as seen even by an external observer must find the black hole in a non-generic state, in which the particles inside the black hole can remain decoupled from the horizon degrees of freedom, at least for a time of order R S . This continues to be true as the black hole evaporates. It follows from the fact that the causal diamond of the external observer is space-like separated from causal diamonds inside the horizon of the black hole, plus the implicit assumption of the space-time picture of the interior, that a particle description of the interior is valid. As we will see, in HST this is equivalent to requiring that the state in the external observer's Hilbert space is a tensor product of a particle state in the interior, and a state in the combined Hilbert space of asymptotic particles and horizon states.
It is extremely important that the entropy of the interior particle Hilbert space scales like R 3/2 S R 2 S , the total entropy of the black hole. This implies that the non-generic nature of the black hole state does not change its thermodynamic behavior. Eventually, when R S ∼ 1, the separation of black hole states into interior particles and horizon states ceases to make sense. At this point the state is generic and all the entropy can be read from the outgoing radiation, which is entangled with it. It's also clear that the decoupling between particles inside the horizon, and horizon states, cannot persist indefinitely, if the black hole is to evaporate. Fortunately, but not coincidentally, the space-time geometry of the black hole gives us the same message. In a time of order R S , any interior geodesic hits the singularity, an event which we interpret as a change of the time dependent Hamiltonian along that trajectory, to one in which particle states mix strongly with the horizon and thermalize with it. In this way, the descriptions of infalling and orbiting observers become consistent with each other, even as the black hole evaporates. We will describe more details of this picture, and of the constraints it puts on the use of local QFT, in later sections.
The remaining worry is that if one has waited a Page time in the exterior before falling into the black hole, then the black hole really was in a generic state, because the Page time is so much longer than the infall time. Here is where the relativity of simultaneity becomes really important. HST implements the relativity of simultaneity by assigning a different Hilbert space and time-dependent Hamiltonian to each time-like trajectory. The different systems are coupled by the overlap conditions, so the proper statement of the remaining worry is that the overlap conditions might force us to conclude that the late falling observer could only have a description compatible with that of the early falling observer, if there were a firewall. We will show that this is not true, because the overlaps of the causal diamonds of the early and late falling observers are small, until the late observer has traveled of order the Schwarzschild radius.
In the next section, we will sketch the formalism of HST, providing only enough detail to appreciate our argument in the heart of the paper. Our conclusion is simply stated: within the HST formalism we find no evidence for the existence of a firewall. For an observer falling into a newly formed black hole, the particle degrees of freedom begin to interact with the horizon DOF in a time of order R S . After this time, the Hamiltonian for this observer begins to vary on the Planck time scale, and time can no longer be identified with proper time along a geometrical trajectory. The notion of geometry has broken down. The same is true for an old black hole. As time goes on, more and more DOF become rapidly time dependent, and in a time of order R S this time dependence also affects the "particles". In fact, after a time of order R S , the distinction between particles and horizon DOF is no longer possible.
Throughout this paper, all distances and times will be expressed in Planck units. Events do not occur in real time...
HST, Sketchily
This section is intended to adumbrate the formalism of HST, which has been extensively reviewed in [12] . The fundamental element of the theory is the quantum mechanics of a single time-like trajectory in space-time. This is a (proper) time dependent unitary evolution operator U (t f n , t i n ) which incorporates the requirements of causality. U operates in a Hilbert space associated with the beginning and end of the maximal causal diamond of that trajectory. At intermediate times, U factorizes into an operator acting on a small tensor factor of this Hilbert space, associated with the smaller causal diamond of this interval of proper time, and one operating on its tensor complement. The dimensions of these Hilbert spaces, when they are large, determine the areas of the holographic screens of the associated diamonds, according to the BHFSB [9] formula.
Space-time is knit together by combining an infinite congruence of such time-like trajectories. For each pair of trajectories, at each time, one must specify an overlap Hilbert space, O, whose dimension determines the holoscreen area of the largest causal diamond in the intersection of the diamonds of the individual observers. O is a (usually) proper tensor factor of each of the individual diamond Hilbert spaces. The fundamental dynamical constraint of HST is that the dynamics and initial conditions in each trajectory Hilbert space must be chosen in such a way that the two density matrices in O specified by the individual trajectory time evolution operators and initial conditions, are unitarily equivalent for every overlap. The pattern of overlaps and their dimensions, completely specifies the causal structure and conformal factor of a Lorentzian geometry.
For space-times with four non-compact dimensions the fundamental variables in a causal diamond of area ∼ N 2 are complex N × N + 1 matrices ψ A i (P ). They should be thought of as spinor spherical harmonics on the two-sphere, with N an eigenvalue cutoff on the Dirac operator on the sphere. Similarly, the label P labels a set of spinor harmonics on an internal manifold, with an independent cutoff on that Dirac operator. The anti-commutation relations of the variables are represented on a Hilbert space whose dimension is the exponential of the number of ψ A i , and this requirement implements the BHFSB relation between area and entropy.
In the limit N → ∞ one can show [7] that the commutation relations contain a subalgebra identical to that of the supersymmetry generators on a Fock space of massless superparticles. The Fock space arises, as is familiar from Matrix Theory [8] and other large N matrix models from block diagonal N × N matrices ψ A i ψ † j A , with blocks of size K i that go to infinity at fixed ratio. When N is finite, this leads to an interesting constraint on the concept of particles. In order to have an approximate Fock space, we need lots of blocks, but in order to localize the states on the sphere, in order to give them a particle interpretation, we need large blocks. The maximal entropy compromise is reached for K i ∼ √ N , which gives an entropy N 3/2 . This scaling of particle entropy is well known from black hole physics. It represents the maximal entropy in particles within a causal diamond, which will not collapse to form a black hole. The rest of the DOF do not have a particle interpretation. We call them horizon DOF, and they contribute the overwhelming majority of the entropy of the system.
In a paper in preparation [11] we will show that the horizon DOF are responsible for the Unruh effect, and that integrating them out leads to the S matrix for particle states. A rough sketch of the argument follows:
For a uniformly accelerated trajectory with acceleration a, in a causal diamond in Minkowski space of area ∼ N 2 we postulate a Hamiltonian
where f (x) is a polynomial whose order stays finite as N → ∞. P 0 converges to the multiparticle energy operator defined by the SUSY commutation relations [7] . Z(0) = 1 and Z decreases as a increases. It is of order 1/N for the trajectory which skims the "stretched" horizon. Standard large N scaling implies that the second term in the Hamiltonian has a bound of order 1/N . We assume that the full Hamiltonian, is a fast scrambler, in the language of [10] . However, in the HST context, in Minkowski space, this is a time dependent Hamiltonian, for the last step in an evolution over a proper time of order N . We define the particle states by a constraint
for of order KN matrix elements, with 1 K N . The bilinears formed from the non-zero matrix elements form a block of size N − K × N − K and blocks of size K i with K i = K. The second term in the Hamiltonian preserves the constraint only in the sense of large N . The value of K cannot be changed because the Hamiltonian contains a polynomial of fixed order as N → ∞ , but the number of nonzero matrix elements can change by an amount of order K 2 . This allows the number of blocks to change. The Hamiltonian P 0 is constructed from the individual blocks as in [7] , and is equal to K i , which is the asymptotically conserved quantum number K: the Poincare energy. For the present paper, the important part about this description of particles is that particle states have, by definition, an entropy deficit N K. Standard counting arguments, reviewed in [13] show that this is at most N 3/2 . This is true for particles in empty flat space-time, as well as in the interior of a black hole. In the latter case, the particle description is only tenable for a time of order the Schwarzschild radius.
It's worth recalling that the fact that localized states, like particles, correspond to an entropy deficit, first showed up in the holographic description of de Sitter (dS) space. Indeed, in dS space the entropy formula for a black hole localized near the origin of a causal patch, shows that it decreases the entropy. The dS vacuum is the maximal entropy state of the system, and any localized excitation has an entropy deficit give by 2πRE where R is the dS radius and E the energy measured by a geodesic observer. This accounts for the dS temperature.
Returning to our accelerated observers in Minkowski space, recall that N is also the proper time in the causal diamond. H(a) is actually the time dependent Hamiltonian which generates the last step in time evolution at the beginning and the end of the time symmetric causal diamond. For the geodesic observer, with Z = 1, H(a) generates primarily free motion of the particles. Note that the horizon states have P 0 = 0. However, in times of order N , a correction of order 1/N will have a non-trivial effect. In [11] we will argue that the resulting infinite time S-matrix is unitary on the space of particle states, and that the horizon states give rise to effective interactions between particles, but decouple as N → ∞, in a way reminiscent of the open strings between D0 branes in [8] . We will use this picture of particle states and interactions in our discussion below.
In passing we note that, as a increases, the coupling between particle and horizon states increases. This leads to a density matrix for accelerated particles, with a temperature that increases with acceleration; the Unruh effect.
There are three things about the HST description, which differ dramatically from the vague ideas about the way local field theory emerges from QG, that are prevalent in the literature. One difference is the description of different local observers by different Hilbert spaces, related only through density matrix constraints for shared information. The other two are the related facts that the DOF in the diamond are mostly horizon, rather than particle, states, and that these horizon states have low energy as measured by the Hamiltonian of a geodesic observer. Field theory emerges in a large causal diamond because the particle degrees of freedom can describe many localized excitations on the holographic screen and because they decouple from the horizon states in the large diamond limit.
In string theory, and AdS/CFT, effective quantum field theory (QUEFT) is only valid for computing certain boundary correlation functions in a limited kinematic range, when the AdS radius is much larger than the string scale. This has been widely taken as license to use QUEFT whenever we have a space-time region where spatial curvatures and particle energies are small compared to the Planck scale. In HST this license is revoked. In a finite causal diamond, there are drastic restrictions on the notion of particle. The number of particles is bounded in a way that depends on the quantum numbers which will become their energies, and these quantum numbers also restrict the angular localizability of particles. Moreover, particle states are only a tiny minority of the states in the causal diamond, and the majority, called horizon states, are not at high energy. Rather, they decouple, approximately, because of the special form of the Hamiltonian sketched above. Particle states are constrained by an initial condition which sets many horizon DOF to zero. For geodesic motion, the Hamiltonian preserves this constraint. QUEFT is only valid for computing transition amplitudes in which both the initial and final states obey the constraints that allow them to be described in terms of particles. In particular, as we will see, it does not provide a good model of how black hole states transmute into asymptotic particles as a black hole evaporates.
Before proceeding to discuss an HST model for old black holes, we must address a question of principle. In HST, the structure of space-time is encoded in non-fluctuating properties of a collection of quantum systems -the dimensions of the overlaps. A black hole of finite entropy can be formed by a scattering process in Minkowski space. In HST, the description of this process never, in principle, introduces a space-time structure different from Minkowski space. The black hole is a quantum state in Holographic Minkowski space, rather than a different space-time geometry.
We believe, as do the authors of [1] and [2] , that the semi-classical description of particle physics in a dynamical space-time must be a good approximation (in some sense) to the correct quantum system. What we argue in the next section is that, if we apply the HST description to a classical space-time corresponding to an evaporating black hole, paying careful attention to the way in which QFT emerges from HST, then the firewall phenomenon does not arise. The models sketched in the following section should thus be thought of as an approximate, effective description of evaporating black holes as a semi-classical geometry, using the HST description of that geometry rather than that of QFT. We will see that there is no contradiction between the decoupling of particle states from horizon states in causal diamonds where the space-time curvature is low, and the consistency conditions between causal diamonds of observers that fall in to the black hole at very different times.
Are there firewalls in HST?
We consider a black hole of entropy N 2 E which forms and evaporates in asymptotically flat space-time. We will focus on three detectors, by which we mean time-like trajectories in the resulting space-time. For a finite entropy black hole, the notion of a classical space-time different from Minkowski space is always an emergent, approximate concept. We will use it where appropriate, but will find that it must be abandoned near the singularity. HST gives a completely finite quantum description of the singular regime.
Detector E(arly) falls into the black hole at a time soon after it forms, when the horizon size is of order N E . Detector L(ate) falls into the hole some time later, perhaps after the Page time, N 3 E . The horizon size is then N L < N E . For times before it falls into the hole, we assume that detector L followed a stable geodesic orbit around the black hole, and then "fired a rocket engine", which accelerated it into the hole. We will follow the time evolution of both detectors for times of order the Page time of the original black hole. At this point we already encounter a breakdown of classical geometry for detector E. That trajectory has a proper time, which "ends" when it is of order N E . We will assume that the quantum mechanics of this detector continues over the period N E to N 3 E , having a time dependent Hamiltonian, which varies on the Planck time scale.
The causal diamonds of both of these observers are huge, since the trajectories have been around since the infinitely remote beginning of time. To regularize this infinity, we start from some finite past time −N , with N N E . The Hilbert spaces of both E and L have entropy of order N 2 . However, in HST we can specify that tensor factor of the Hilbert space of E or L, which corresponds to the causal diamond from the time the trajectory crossed the horizon, until some given proper time T . The situation is summarized in the diagrams of Figures 1 and 2 . These figures only cover the relevant part of the Penrose diagram of the evaporating black hole space-time.
SINGULARITY -N T HE
T HE + Figure 1: The trajectory E, which falls into a black hole shortly after its horizon forms. Causal diamonds are shown along this trajectory for certain of the times mentioned in the text. When ∼ N E the trajectory hits the singularity. The diamond described by the Hilbert space H E in (T HE + ) lies inside the purple black hole interior and its past boundary is indicated in red. Our final detector, S, will be one which never falls into the black hole. As we'll see, its description of reality is quite similar to that of L, for a time of order the Page time. Detector S lives forever, and its asymptotic time evolution operator is the scattering matrix, which is the only gauge invariant observable in the HST theory of Minkowski space.
Let us first examine the dynamics of detector E, up till times of order N E after the trajectory crosses the horizon. For times before horizon crossing, the Hamiltonian is very close to that we described for geodesic observers in Minkowski space in the previous section. It has the form (for T + N 1)
where V is the trace of a low order polynomial in the matrix variables. The Hamiltonian H in acts on a tensor factor of the full Hilbert space of the trajectory E, which consists of some of those states which are not yet in causal contact with the trajectory at the time T , namely states that can be described as particles propagating in the interior of the black hole. The full Hilbert space of the black hole has an entropy N 2 E but that is divided between horizon states, interior particles, and off diagonal variables which are set to zero in the initial state. As in Minkowski space, the last term in the Hamiltonian excites these states, but they decouple for large T + N , leaving over interactions between particles, and between external particles and the black hole. Before horizon crossing, H in (T ) contains only particle energies. H hor acts on a Hilbert space of entropy
and is a fast scrambler of all those matrix DOF.
After horizon crossing, which occurs at time T HE , H E (T ) changes. Classical geometry suggests that H in (T ) becomes "singular" for T = T HE + N E . We will interpret this as follows. We've noted that since N E 1, we can separate the variables in the Hilbert space on which [H in + H hor ](T HE + ) acts into particle and horizon degrees of freedom, and this Hamiltonian will be approximately the same as that of a geodesic observer in a causal diamond of radius N E in flat space. However, when ∼ N E we assume instead that the Hamiltonian has a time dependence on scales of order the Planck time and that the Lie algebra generated by H E in (s) for different s is the entire algebra of matrices in a Hilbert space of entropy N 2 E . This implies that the state of the system sweeps out the entire Hilbert space, and that the time averaged density matrix over time scales of order the Planck time is maximally uncertain [6] . Until s is of order T EH + N E we can think of it as proper time along the trajectory, but after this there is no geometrical interpretation of this time parameter 2 . The rest of the Hamiltonian remains close to that of a geodesic observer in flat space for all time. This is enforced by overlap conditions with the Hilbert spaces of trajectories like S, which never fall into the black hole. We do not have a full HST description of flat space, so we cannot describe the mathematical details of these conditions.
We can now use this framework to describe the evolution of the black hole as it evaporates. Roughly speaking, we must make the Hilbert space on which H in + H hor acts shrink, while the complementary tensor factor grows. This simply means that the time dependent Hamiltonian couples together different degrees of freedom as time goes on. At a time of order the Page time, the inside tensor factor has entropy N 2 L = cN 2 E , with c < 1/2. We do not have a detailed model of the evaporation process, which would show graphically how the horizon degrees of freedom which originally described the interior of the black hole after the singularity is reached, transmute into particle degrees of freedom. However, for our present purposes we will need only simple counting arguments, plus the observation that the horizon states which turn into asymptotic particles do not behave like particle states at all. The authors of [1] insist on a QUEFT description of localized states in causal diamonds of size N E , as the black hole evaporates. They use Hawking's derivation of the thermal spectrum of Hawking radiation to justify the assertion that knowing even a little information about the internal black hole state implies that "high energy modes localized in the diamond", are not in the Minkowski vacuum state of QUEFT, which implies the existence of a firewall.
HST does not allow us to come to this conclusion. It's simply untrue, in the HST formalism, that most of the states in the diamond are particle states. The microscopic mechanism of Hawking radiation is the conversion of horizon states into asymptotic particle states. This occurs because the time dependent Hamiltonian subjects fewer and fewer of the black hole DOF to the scrambling Hamiltonian, and instead includes them among the DOF whose Hamiltonian decouples particles from the horizon of the large causal diamond. As time goes to infinity, this decoupling becomes complete and the evolution operator is unitary on the space of asymptotic particles. By this time, the time dependence of the Hamiltonian has eliminated all of the "black hole behavior".
We do not think that the fact that Hawking's derivation gives the thermal spectrum of Hawking radiation requires us to accept the microscopic picture of the mechanism for production of thermal radiation given by QUEFT, as correct in a theory of Quantum Gravity. Black holes are large thermal systems, and any model of them which gets their entropy and energy right, must reproduce the approximately thermal nature of the radiation. HST leads us to expect that the role of QUEFT in large but finite low curvature causal diamonds is much more constrained than has been previously supposed. The model of black hole states as field theory states around a stretched horizon gets the entropy right, but there is no sacred principle which tells us that anything else about it is correct. HST is an alternative approach to black hole physics, which gives a radically different description of the microscopic dynamics, but is designed to get the thermodynamics right.
Now we turn to the description of the trajectory L which follows a stable geodesic orbit around the black hole until a time of order the Page time, and then accelerates inward to encounter the singularity. Classical physics would lead us to believe that the description of this observer is, when N L 1 the same as that of the observer E. In particular, the particle physics seen by this observer should be only mildly perturbed by the black hole, until a time of order T HL + N L , where T HL is the time that L's trajectory crosses the horizon. Note that for this trajectory, the time parameter in the quantum Hamiltonian can be identified with the proper time along the trajectory, up until T HL + N L .
The essence of the claim of [1] is that this classical expectation is wrong. Their argument relies on general properties of a hypothetical theory of quantum gravity which can describe approximate local observables. In particular, it claims that the system has a single Hilbert space and that different observers correspond to different, possibly incompatible, quantum observables in that system. As we have seen, HST does not have such a structure. Different time-like trajectories correspond to different Hilbert spaces, and the formalism prescribes only constraints on density matrices for information shared by different trajectories.
A key argument of [1] , which is not valid in HST, is the assumption that the black hole was in a generic state before evaporation. Instead, as we've seen, the contention that particle physics is a valid approximation to physics seen by the detector E, for a time of order the Schwarzschild time N E implies that, at that initial time, the state was special, with an entropy deficit related to its particle content, but bounded by N 3/2
there is no contradiction between this contention and the claim that, from the outside, the black hole behaves like a thermal system, with entropy N 2 E .
3 In order to show this, we consider a whole sequence of observers, with N L < N E , for all times between formation of the black hole and the Page time.
In the Hilbert space of detector L, we have to pay a little more attention to causality constraints. At times before L's trajectory crosses the horizon of the old black hole, its causal diamond is spacelike separated from states inside the black hole. Thus, our model for this system at times longer than the scrambling time of the young black hole is the following. The Hilbert space is a tensor product
. N L is the Schwarzschild radius of the old black hole. The space H out describes particle physics outside the black hole, plus a set of almost decoupled horizon DOF, which mediate interactions between particles and between particles and the black hole (e.g. the Newtonian potential of the black hole). The Hamiltonian in H hor is a fast scrambler. Until observer L's trajectory hits the horizon, the Hamiltonian that describes its causal diamond cannot couple the DOF in H hor ⊗H out , to those in H in . This is consistent with a description of time evolution in H in in which particle degrees of freedom remain decoupled from horizon degrees of freedom during the entire period from black hole formation until the trajectory of L crosses the horizon.
It's important to remember that, in HST, everything that goes on inside H in before L crosses the horizon is unphysical from the point of view of detector L. All measurements performed by L before horizon crossing, involve operators that commute with every operator on H in , and the requirements of causality, as implemented in HST, tell us that the Hamiltonian of L cannot couple to these operators until horizon crossing. The only constraints that the formalism might impose on dynamics in H in before that time comes from the overlap conditions. We will discuss these in a moment.
The interactions between H hor and H out must exhibit the following features, in order to be consistent with the semi-classical description of a black hole, and with unitarity. The system in H hor must be in a generic state after the scrambling time, and before evaporation. As time goes on, the time dependence of the Hamiltonian effects a transfer of DOF between H hor and H out . This simply means that the Hamiltonian changes so that fewer matrix element DOF are acted on by the scrambling Hamiltonian. As this happens, those DOF are transferred to the particle physics Hamiltonian in H out . A full HST description of flat space would be required to describe this process in detail. We do not have such a description yet, but there is nothing paradoxical, or which violates unitarity, in such a process. The result of it, after the Page time, would be to fully entangle the state of the DOF remaining in H hor with that of the emitted Hawking radiation. The state in H in has not coupled to the rest of the Hilbert space and would only be entangled if one had imposed some acausal a priori initial condition. The dynamical rules of HST do not generate entanglement of this state with the rest of the system.
The entropy of H in is much less than that of H hor so the tiny entropy deficit will not change the thermodynamic properties of the system, and Hawking's calculation of the black hole temperature and entropy will still be valid. Now, the point is that nothing in this discussion changes as N 2 L becomes less than
. There is nothing special about the Page time in this model. Every observer, as long as N L 1 describes the black hole in a slightly non-generic state, in which some of its information is not correlated with the early Hawking radiation. This was true for early observers and remains true for observers that fall in after the Page time. The only thing that could force us to abandon this model in HST is a failure of the overlap conditions.
In particular, all of these considerations apply to the detector S, which never falls into the black hole. The space-time picture of an evaporating black hole implies that there are causal diamonds in the black hole interior, which are space-like separated from the causal diamond of this detector, until the black hole shrinks to Planck size. Correspondingly, its Hilbert space at any time before that factors into three factors H in ⊗ H hor ⊗ H out . This detector never comes into contact with states that experience rapid time dependence, but it does experience an interaction with scrambled states on the horizon. Thus, the Hamiltonian couples only the second two tensor factors,
The Hilbert space H hor contains slightly less than the total entropy of the black hole, enough less for the remaining tensor factor H in to described particles propagating in the interior. As time goes on, the Hamiltonian makes both of the first two factors shrink (in the sense that the DOF participating in H hor + H hor/out + H in become less numerous, with a corresponding increase in those participating in H out . The entropy ratio of H in to H hor scales like N To analyze the overlap conditions, we first consider a pair of observers, which do not fall into black holes in an asymptotically flat space-time. The late (infinite) time causal diamonds of two such observers coincide, and they share the totality of information in their Hilbert spaces. The rules of HST imply that the S matrices of the two observers are identical to each other. For trajectories which fall into black holes, HST only requires us to discuss the overlap conditions. Consider the parts of the causal diamonds of E and L, which are inside the horizon, at a very short time after L crosses the horizon of the old black hole. It's clear that as → 0 the overlap between these interior causal diamonds is empty. In general, for small the overlap will have an entropy c N L , with c ∼ 1. This follows from dimensional analysis and the fact that the classical geometry of an evaporating black hole is non-singular at the horizon 4 . Thus the overlap area is linear in the dimensionfull proper time L P . Since the classical geometry depends only on the Schwarzschild radius, our result follows.
What is the density matrix of the system E on the tensor factor O of its Hilbert space, which represents this overlap? According to Page's argument [5] this density matrix is typically the maximally uncertain density matrix as long as c < 1/2N L . Note that most of the entropy of both causal diamonds is carried by horizon states, for which genericity assumptions do make sense. Since the dynamical evolution of E is exploring its entire Hilbert space, on the Planck time scale, there will be occasional "glitches" where the overlap Hilbert space is less entangled with the remainder of E's space. However, these glitches occur on a recurrence time scaling like the exponential of the entropy difference between O and its tensor complement. Thus even though the natural time scale for exploration of the full Hilbert space is the Planck time, these recurrence times will be much longer than . In order to make the description of L compatible with classical expectations, we have to be sure that the Hamiltonian H L (τ ) = P 0 + 1 τ 2 V, is a good description of the physics of L. Here τ = N + T page + , and T page ∼ N 3 E is the Page time of the original black hole. The state of the system L must not involve large correlations between the o(N 3/2 L ) particle degrees of freedom, and the remainder of the degrees of freedom, which we associate with the horizon. The latter are in a generic and generically time dependent state. It is then a simple counting exercise to see that the density matrix on O will, with overwhelming probability, be maximally uncertain.
It is important to note that, as long as is small, we are completely free to define O as a sub-tensor factor of the horizon states in the full Hilbert space of the system L. Particle states are defined by the special form of the Hamiltonian, and by the requirement that they have only small correlations with the horizon states. The rules of HST say that any choice of O compatible with the dynamics, which satisfies the overlap conditions, is acceptable. We learn from this that the overlap between the Hilbert spaces of E and L in an old black hole, must consist entirely of states on L's horizon, which have no effective field theory interpretation. Classical intuition does not apply to these states.
This situation persists until c
After this time the density matrix on O becomes time dependent, with Planck scale time dependence. We can say that the system L has hit a firewall, but at a time scale of order the Schwarzschild radius of the old black hole. Note however that it is quite plausible that the firewall first affects the horizon degrees of freedom. That is, after = 1 2c N L , we must modify the Hamiltonian for kN 2 L of the DOF of L, in order to satisfy the overlap conditions. Here 1 2 < k < 1, and because of the second inequality we are still free to exempt the N 3/2 L particle DOF from this modification. As indicated in the previous section, we believe that, in asymptotically flat space, particle interactions arise from "integrating out" the horizon DOF. Thus, the replacement of the Hamiltonian of more and more horizon DOF by one with rapid time dependence, should modify the effective Lagrangian for particles near the singularity. This is exactly what we expect from the predictions of effective field theory. Near the singularity, irrelevant operators become important.
Finally, we must discuss the treatment of regions far from the black hole in HST. In the discussion of [1] it is the comparison of the entanglement between the observers L and E, with that between L and a distant observer, which leads to a paradox from which one infers the existence of a firewall. We want to study the system at the time we called τ , which for L is a time of order after L's trajectory crosses the horizon of the old black hole. In HST the overlap constraints for a distant observer and E (or L) obviously refer to the part of the Hilbert space of the observer E, which we called H E out . There is an analogous tensor factor H L out , for the observer L. The overlap condition for the distant observer S, and L, is simply the statement that the density matrix that L ascribes to H L out is unitarily equivalent to that assigned by the distant observer to the isomorphic tensor factor in its own Hilbert space.
We do not yet have a full formulation of HST for particle interactions in asymptotically flat space. However, since the semi-classical description of Hawking radiation never leads to bizarre behavior far from the black hole, the density matrices assigned to each observer for this Hilbert space should be essentially the thermal density matrix of Hawking particles. From the point of view of the observer L, these Hawking particles at time τ are entangled with the interior states of the black hole, in L's description. As we have seen, as long as <
2c
N L , the constraint of compatibility with the description of the same information by E does not require L to encounter any kind of singularity or high energy behavior.
The compatibility conditions between E and the distant observer refer to a different density matrix for a different tensor factor of the distant observer's Hilbert space. That tensor factor describes the maximal causal diamond in the intersection of the entire causal diamond of E, and that of the distant observer. This diamond is entangled, by E's dynamics, with the system inside the horizon. In E's description, the system inside the horizon has "long ago hit the singularity". That is to say, it is subject to a rapidly time dependent Hamiltonian, which mixes all the states in its Hilbert space (which at time τ has entropy N 2 L ). The density matrix of this interior system, averaged over a few Planck times, is maximally uncertain. This system is coupled to the states in H E out (τ ) by the Hamiltonian H E int (τ ). Again, we do not have a fully consistent HST description of particles in flat space, but general rules of thermal physics would suggest that it just produces a thermal state. The only thing that is slightly mysterious is the value of the Hawking temperature. At first sight one might have imagined that this sort of rapidly time dependent Hamiltonian would lead to a very high temperature. This kind of dimensional analysis is misleading for ordinary laboratory systems. The Hamiltonians of atoms have eV scale energy splittings, but the interaction of bulk systems made of atoms with their environment can produce much lower temperatures. It is really the Hamiltonian H E int (τ ), which controls the temperature to which the system in H E in heats H E out .
We can think of this as an application of the Born Oppenheimer approximation. The rapid time dependence of the Hamiltonian H E in (τ ) is washed out if H E int (τ ) couples predominantly to low energy DOF in H E out . These are the low energy Hawking particles and there is no apparent problem in constructing a model in which they will have the same density matrix as is assigned to them by the distant observer.
In summary, by paying attention to the fact that different observers live in different Hilbert spaces, connected only by relations between density matrices for shared information, and that the observers E and L do not share much information until is of order N L , we have shown that there is no necessity to invoke a firewall in HST. A crucial part of our argument was the fact that in HST, any state describable by particle physics is a state of low entropy, but that the entropy deficit is not enough to affect thermodynamics. It does however, contradict AMPS' assumption that the remnant black hole is in a generic state after the Page time. The most interesting thing about the arguments of [1] is that they show that a hypothetical theory of quantum gravity which exhibits both locality and unitarity in a single Hilbert space are incompatible with the expectations of classical physics for large but old black holes. Unitary single Hilbert space theories refer only to the observations of observers that live forever in a space-time with asymptotically frozen boundaries. The more general form of quantum gravity is that given by HST. It involves many Hilbert spaces and partially shared information, but appears to be completely consistent with classical physics. The arguments of AMPS, by which we have been more convinced by extensive discussions with two of the authors, seem instead to lead to a gross violation of classical intuition. We leave it up to the reader to decide which model he or she prefers.
